Adenovirus 2-transformed cells contain virus-specific sequences which are covalently linked to cell-specific RNA sequences in heterogeneous nuclear RNA (HnRNA) molecules larger than 45S. Virus sequences are identified by hybridization to viral DNA, and the cell sequences are detected by hybridization to cellular DNA under conditions where hybridization only occurs to reiterated sites in cell DNA. Such large composite viral-cell HnRNA molecules presumably arise through the uninterrupted transcription of host sequences and integrated viral DNA. Adenovirus-specific polysomal RNA from these cells sediments as three discrete species at 16, 20, and 26S. These specific classes of viral mRNA do not contain rapidly hybridizing host-specific RNA sequences. Both virus-specific HnRNA and mRNA contain polyadenylic acid sequences since they bind to polyU columns at levels characteristics of other polyA-terminated HnRNA and mRNA. Thus, the discrete species of virus-specific mRNA in adenovirus 2 transformed cells appear to be derived from high-molecular-weight virus-specific HnRNA through a series of post-transcriptional modifications involving polyA addition. Subsequently the HnRNA is cleaved so that the cell-specific RNA sequences that originate from the reiterated sites in cell DNA do not accompany the adenovirus mRNA to the cytoplasm. These events for the adenovirus-specific mRNA appear, therefore, to be similar to the stages in the biogenesis of the majority of mRNA in eukaryotic cells.
Two findings in recent years indicating that the large DNA-like heterogeneous nuclear RNA (HnRNA) shared sequences with mRNA have helped provide a general outline of mRNA biosynthesis in mammalian cells. First it was found that cells transformed by simian virus 40 (SV40) produced HnRNA molecules containing virus-specific sequences as well as polyribosomal mRNA that was virus specific (16, 25) . Second, polyA sequences were shown to be part of the polynucleotide chain of both HnRNA and mRNA (5, 8, 14, 15 ). It appears that polyA is added post-transcriptionally (4, 22) to the 3' terminus of high-molecular-weight HnRNA (17, 19) . mRNA is then derived Viral DNA in transformed cells is covalently integrated into the host DNA (11) where it is transcribed into virus-specific RNA (10) . Also, this adenovirus-specific mRNA is apparently translated because several characteristic virusspecific proteins (11) are formed in transformed cells. In contrast to the experimental difficulties encountered in identifying specific cellular mRNA sequences, virus-specific mRNA sequences can be unambiguously identified by hybridization to viral DNA. An advantage of the adenovirus-transformed cell, compared to SV40 or polyoma-transformed cells is that the amount of viral-specific RNA in adenovirus transformed cells is 5-to 10-fold higher than the virus-specific RNA in these other cell systems (10, 12, 16, 25) .
The present report describes some of the properties of adenovirus-specific HnRNA and mRNA in adenovirus type 2-transformed rat cells.
MATERIALS AND METHODS
Adenovirus type 2-transformed rat embryo cells, obtained from Maurice Green, were grown in suspension in Eagle medium plus 5% fetal calf serum (7) . RNA labeling was accomplished by incubation for 3 h at 106 to 2 x 106 cells/ml with 0.2 to 0.5 mCi/ml of 3H-uridine (25 Ci/mmol). Cytoplasmic extracts of labeled cells were prepared in isotonic high pH buffer with Nonidet P-40 (18) . RNA was prepared from isolated polysomes or from detergent-washed nuclei by sodium dodecyl sulfate (SDS)-phenol, chloroformisoamyl alcohol extraction (la, 23, 28) . Purified transformed cell HnRNA, denatured in dimethyl sulfoxide (Me2SO4) (16, 25) and polysomal RNA were fractionated by velocity sedimentation in SDS-sucrose gradients (25) . The distribution of virus-specific RNA in such gradients was established by exhaustive hybridization (i.e., until no further virus-specific sequences remained in the supernatant fluid) of the gradient fractions with viral DNA bound to nitrocellulose filters (28) Adenovirus DNA for hybridizations was prepared by phenol extraction of virus isolated from infected HeLa cells by Freon extraction and CsCl equilibrium centrifugation (6) . The preparation of DNA from a continuous line of untransformed rat embryo cells (gift of Aaron Freeman) and the hybridization of RNA samples to such DNA were performed as previously described (23, 28) for HeLa cell nucleic acids. RNA molecules containing polyA sequences were bound and eluted from columns of polyU covalently linked to sepharose (la; W. Jelinek et al., J. Mol. Biol., in press). The preparation of polyU sepharose was carried out by the method of Wagner et al. (27) .
RESULTS
Viral sequences as a part of high-molecularweight nuclear RNA that was substantially larger than the virus-specific RNA present in polysomes was first reported in cells transformed by SV40 (16, 25) . Parsons and Green (21) subsequently reported adenovirus sequences in nuclear RNA from transformed cells to be distributed from 4 to about 40S. Figure 1 shows the distribution of adenovirus sequences in HnRNA from transformed rat cells after treatment with dimethyl sulfoxide (Me2SO,) to disrupt any potentially aggregated RNA complexes (16, 24) . Under the conditions of sedimentation employed, 45S pre-rRNA sediments to approximately fraction 6 (23). These results revealed that a substantial portion of the HnRNA containing virus-sequences sediments faster than the 32S pre-rRNA with about 30% of the virus sequences in HpRNA molecules sedimenting faster than 45S.
In contrast to the heterogeneous distribution of virus-specific sequences in nuclear mRNA, the adenovirus-specific polysomal RNA was distributed in three discrete peaks of adenovirus-specific mRNA (Fig. 2) . In three separate preparations of polysomal RNA from adenovirus-transformed cells, these species of virusspecific mRNA sedimented as reported in Fig. 2 with minor peaks at about 26 and 16S, and a major peak at approximately 20S. In addition, hybridization of RNA from total cytoplasmic extracts revealed only the three classes of adenovirus RNA observed in the polysomes. These results contrast with the previous report of Parsons and Green (21) which presented a broad heterogeneous distribution of virusspecific cytoplasmic RNA ranging from 10 distribution in high-molecular-weight molecules, whereas in the cytoplasm the adenovirusspecific RNA exists in discrete size classes of lower molecular weight. In SV40-transformed cells, the virus-specific sequences in HnRNA have been shown to be composed of covalently linked viral and host cell-specific sequences (26, 28) . Further analysis of that system was more difficult than the adenovirus-transformed cells because of the relatively smaller amount of virus-specific RNA in the HnRNA. Therefore, the possible presence of cell sequences in adenovirus-specific nuclear and polysomal RNA was examined in the adenovirus-transformed rat cells.
In these experiments, virus-specific HnRNA or polysomal RNA from transformed cells was first selected by exposure of RNA to viral DNA in the presence of formamide at 45 C without RNase digestion of the resultant DNA-RNA hybrids in order to preserve the integrity of large RNA chains. Thus, selected virus-specific RNA molecules could be examined for associated nonviral RNA sequences. These conditions have been shown to select adenovirus-specific large nuclear RNA with a high degree of specificity from productively infected cells (29) . For example, from 40 to 100 times as much nuclear RNA from infected cells bound to viral DNA as did RNA from uninfected cells. An additional indication of the specificity of these selection conditions was provided by the finding that RNA selected by adenovirus DNA from infected cells was shown to rehybridize at very high efficiency (70-80%) upon a second exposure to viral DNA (29) .
The data in Table 1 show the results of a typical adenovirus DNA selection of large (>50S) virus-specific HnRNA and polysomal RNA from adenovirus-transformed cells. The binding of the various samples of adenovirustransformed cell RNA to viral DNA filters exceeded the binding to blank filters not containing DNA by some 30 to 100 fold. This indicates that even though the hybrid molecules were not treated with RNase, the specificity of selection was very great. About 0.2% of the total nuclear RNA and 0.15% of the total polysomal Fig. 1 ) buffer containing 30% formamide (28) . Filters were not digested with RNase prior to elution. Exhaustive hybridization of a sample of the starting material and of the supernatant fluids after selection revealed that more than 80% of the virus-specific RNA from all samples was removed during the selection. Alkali treatment was carried out at 0 C as described (28) bound to adenovirus DNA. To investigate whether the amount of radioactivity selected by adenovirus DNA depended on the size of the nuclear RNA, one portion of the >50S HnRNA was subjected to limited alkali hydrolysis. After alkali treatment, the molecules were reduced in average size to approximately 16 to 18S (Fig. 3) . None of the HnRNA in this alkali-treated sample sedimented faster than 28S. Only 0.04% of the alkali-treated sample bound to adeno DNA. These results suggested that the highmolecular-weight virus-specific HnRNA contains considerable segments (as much as 80%) of non-viral RNA sequences. This latter conclusion would be especially substantiated if all virus-specific RNA was bound by the filters in both the native and alkali-treated samples. Therefore, a test for the presence of any unbound adenovirus-specific sequences in the supernatant fluid from the selection hybridization was made by the addition of fresh adenovirus DNA filters and additional incubation followed by RNase treatment. This revealed that the initial selection conditions had removed over 80% of the total initial virus-specific RNA. The various adenovirus-selected RNA samples were then exposed a second time to viral DNA, this time followed by RNase treatment ( Sedimentation profile of HnRNA after limited hydrolysis with alkali. Nuclear RNA, prepared from 3 x 108 transformed cells which had been labeled for 3 h with 25 mCi of 3H-uridine, was sedimented in SDS-sucrose gradient as described in Fig.  1 . The fractions comprising high-molecular-weight HnRNA (>50S) were pooled, divided into two fractions, and precipitated with ethanol. One portion of the high-molecular-weight HnRNA, redissolved in 0.1 M NaCI-0.001 M EDTA-0.1% SDS was treated with NaOH at a final concentration of 0.2 M for 5 min at 0 C. The reaction was neutralized, and a sample of the partially degraded HnRNA (0) was sedimented together with purified 32P-labeled 28S and 18S ribosomal RNA (0) as noted in Fig. 2. (43%). By comparison to the alkali-treated sample, the rehybridization to adenovirus DNA of selected unbroken high-molecular-weight HnRNA was some fivefold lower than that of the alkali-treated HnRNA (8% compared to 43%). Even if the amount of HnRNA detected as virus-specific were corrected for the possible inefficiency of the hybridization system (8% x 100/70) only 11% of the HnRNA containing virus-sequences would in fact be complemen- tary to virus DNA. The significantly lower virus-specific RNA content of the high-molecular-weight HnRNA relative to the alkali-treated HnRNA again suggested that the virus DNA had selected large HnRNA molecules containing substantial amounts of non-virus RNA sequences. Moreover, the selection of these nonviral sequences was clearly dependent upon the size of the large HnRNA chains.
Analysis of the viral DNA-selected RNA samples for the presence of host cell-specific sequences was then carried out. The hybridization conditions used (20-40'y of cell DNA immobilized to filters) only measure the rapidly hybridizing RNA sequences which arise from transcription of highly reiterated sequences in cellular DNA (2, 3, 20) . The data in Fig. 4 compare the rate of hybridization to cell DNA of the total HnRNA from transformed cells and the virusselected HnRNA samples. The hybridization rates of unselected and virus-DNA-selected polysomal RNA from the transformed cells are also presented (Fig. 4) (26) also observed rapidly hybridizing cell-specific sequences in adenovirus-selected transformed cell HnRNA isolated by multiple rounds of hybridization at low temperature in urea without RNase digestion. In contrast, the hybridization rate to cell DNA of the alkali-treated virus-selected HnRNA is substantially reduced. This is due presumably to the breakage of the virus-specific regions of HnRNA from the covalently linked cellular RNA sequences by the limited alkali cleavage.
It was previously shown that the hybridiza- tion rate of HeLa-cell mRNA is significantly lower than that of HeLa-cell HnRNA (3). Figure  4b shows that, for the total RNA samples from adenovirus-transformed rat cell sequences, the same is true. The hybridization rate of adenovirus-selected polysomal RNA to rat embryo DNA is even lower than that of the unselected, transformed rat cell polysomal RNA. This finding suggests that few cell-specific RNA sequences from repeated sites in DNA are contained in the discrete classes of virus-specific polysomal RNA. This proposal is substantiated by the demonstration that most of adenovirusselected polysomal RNA rehybridized to viral DNA (Table 2 ).
An accurate measurement of cell-specific sequence content of the adenovirus-selected RNA is not possible by the hybridization procedures employed here. However, from these results it is clear that the discrete classes of adenovirus polysomal RNA do not contain the rapidly hybridizing cellular sequences present in the high-molecular-weight virus-specific HnRNA. It thus appears that the discrete classes of virus-specific polysomal RNA may be derived through the selective removal of host-specific sequences present in the large virus-specific HnRNA.
The polyA sequences reported to be present in most viral and cellular HnRNA and mRNA apparently fulfill an obligatory role in the production of mRNA (la, 4, 8, 14, 17, 22 ). To determine whether polyA was involved in the generation of adenovirus mRNA in transformed cells, we measured the affinity for mRNA to sepharose columns containing covalently linked polyU to which polyA hybridizes. Both the RNA which bound and that which didn't bind to polyU sepharose was assayed for content of adenovirus sequences by hybridization to adenovirus DNA. In two preparations of labeled polysomal RNA, obtained from growing cells, approximately 9% of the input radioactivity bound to the polyU sepharose columns (Table 3) . From a third preparation of polysomal RNA, labeled after the addition of a low dose of actinomycin D to inhibit the synthesis of ribosomal RNA, 63% of the input bound to a polyU sepharose column. In all three preparations, about 60 to 70% of the adenovirus-specific polysomal RNA was present in molecules containing polyA. Similar results have been obtained for SV40-specific RNA in cells transformed by SV40 virus (30) .
Approximately 20 to 30% of the label in high-molecular-weight HnRNA (>50S) from separate preparations was bound by polyU sepharose columns ( (13) . In contrast to the heterogeneous distribution of HnRNA containing adenovirusspecific regions, virus-specific mRNA isolated from the polysomes of transformed cells exists as three smaller discrete sizes of approximately 16, 20, and 26S (Fig. 2) .
The large HnRNA containing adenovirus se- alkali-fragmented HnRNA samples, only l5 as much radioactivity was bound during the virus DNA selection, and almost none of the cellspecific sequences were recovered along with the virus-specific sequences. In contrast to the HnRNA containing virus-specific sequences, the adenovirus-specific mRNA not only was discrete in size but appeared to be composed in the majority of virus-specific sequences (Table  2) . However, it cannot be stated that the various adenovirus mRNA species were completely devoid of linked host-specific RNA. Although the selected viral polysomal RNA did exhibit some hybridization with cellular DNA, the rate is several-fold less than that of the total polysomal mRNA sample to cell DNA. A similar low rate of binding to cell DNA was observed with the alkali-degraded adenovirus-selected HnRNA. These results may reflect a minimal level of sequence relatedness or complementarity between adenovirus and untransformed cellular DNA. Alternatively, virus-specific mRNA may contain a limited quantity of more slowly hybridizing cell-specific RNA sequences.
The three classes of adenovirus-specific polysomal RNA appear as homogeneous in sedimentation as the 18 and 28S rRNA and therefore may represent distinct populations of mRNA coding for different viral proteins. However, Fujinaga and Green (9) have reported that in adenovirus 2-transformed cells, only 5 to 10% of the viral genome (single-stranded, molecular weight 12.5 x 106) is transcribed into RNA. This amounts to approximately 1.2 x 10' daltons of viral RNA, whereas the total of the three mRNA species observed here is approximately 2.8 x 106 (26S = 1.4 x 106, 20S = 8.5 x 105; 16S = 5.5 x 109). Therefore, the three classes of viral mRNA may be independent mRNAs or may be metabolically related to each other in a precursor-product fashion. The combined calculated molecular weights of the 20S (8.5 x 106) and 16S (5.5 x 106) viral mRNA are approximately equivalent to that estimated for the 26S class of adenovirus mRNA. Questions concerning the metabolic activity and possible sequence relatedness of the classes of adenovirus mRNA are presently under consideration.
Finally, the present work supports the derivation of virus-specific mRNA through the pathway of poly A addition to HnRNA followed by cleavage to yield mRNA.
About 60 to 70% of the polysomal adenovirusspecific RNA in these transformed cells bound to poly U columns (Table 3) indicating the majority of the viral mRNA contain poly A. These results are similar to the previous reports for other cells, where all but a minor fraction (including the histone mRNA) of total mRNA contains poly A (la, 8, 14, 15) . In addition, adsorption of transformed cell HnRNA to poly U columns indicates that some 20 to 45% of the total virus-specific HnRNA sequences are present in molecules which are terminated in poly A. ACKNOWLEDGMENTS This work was supported by Public Health Service grant CA 11159-04 from the National Cancer Institute, by grant GB 27691X from the National Science Foundation, and by grant NP-5A from the American Cancer Society.
